Introduction
Chemical warfare agents (CWA) have been a threat for more than a century and continue to pose significant dangers in the homeland as well as on the battle field. Organophosphorus nerve agents are a subclass of CWAs; their relatively easy synthesis and high toxicity renders them an enduring threat. The mode of action for these nerve agents is the inhibition of the enzyme acetylcholinesterase, which results in continuous overstimulation of muscles that can ultimately result in death. The need for proper protection against these threats has led to the development of a variety of detection schemes for CWAs over the past few decades, 1,2 including chromatographic, [3] [4] [5] [6] spectroscopic, 7-10 electrochemical, 11-15 fluorogenic, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and colorimetric [26] [27] [28] [29] approaches. Fewer reports can be found for polymer-based detection schemes. [30] [31] [32] It is inadequate to only have sensitive and selective detection methods; protective apparel is essential, as nerve agents are easily absorbed through the skin. 33 Modern full body protective 3 suits can block external chemical threats, at the cost of breathability of the fabric, hence limiting their wearability. 33 The duration of wearability could be significantly extended if dynamic responsive materials are incorporated into the fabric, enabling breathability in the absence of threat and creating a protective barrier upon exposure to CWAs. The incorporation of responsive units into polymers results in more robust materials, and the activation by a CWA can be used to trigger a mechanical change in the material. In order to develop the next generation of protective fabrics, we were interested in polymers that exhibit (1) a strong colorimetric response to CWAs for detection and (2) a mechanical response upon contact with CWAs for protection.
Synthesis
Herein, we describe polymers that possess a simple colorimetric probe based on triarylmethanol-containing derivatives that are able to detect nerve-agent mimics. Colorimetric sensing experiments with trifluoroacetic acid (TFA) and DCP (4) demonstrate that the CWAresponsive units described here exhibit a significant bathochromic shift and undergo a color change from colorless to red or green, depending on the substituent groups on the triarylmethanol-based chromogenic moiety. Furthermore, by incorporating the responsive units into hydrogel-containing polymers, a volumetric response to TFA could also be demonstrated.
We chose polymers produced by ring opening metathesis polymerization (ROMP) as the basis for our responsive material in order to allow for simple tuning of the polymers' properties. The colorimetric probes are inspired by the work of Costero and coworkers 26, 27 and more recently, analogues have been utilized in polymers developed by our group. 32 The triarylmethanol groups are readily incorporated into monomers 9, 10 and 11, as outlined in Scheme 1. We chose highly arylated tertiary alcohols as responsive units for the detection of CWA as a result of their excellent reactivity with nerve agent simulants by phosphorylation of the hydroxyl moiety and subsequent ionization resulting in a rapid colorimetric response.
Scheme 1. Synthetic route to monomers 9-11.
The reaction of the diarylketones with organolithium derivatives of 8 provided the desired building blocks (9, 10 and 11) in moderate to high yields (32-86%). As shown in Scheme 2, ROMP of monomers 10 and 11 gave the corresponding polymers (HP-1 and HP-2) using Grubbs' third generation catalyst (G3). Gel permeation chromatography (GPC) measurements in tetrahydrofuran, relative to polystyrene standards, showed moderate number-average molecular weights (M n ) that range from 23 kDa in HP-1 with a dispersity (Đ) of 1.58 to 52 kDa in HP-2 with a Đ of 1.20. We were unsuccessful in producing a homopolymer of building block 9 under the reaction conditions shown in Scheme 2. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 To obtain polymers with improved solubility and hydrogel character we have targeted random double and triple copolymers. An overview of the polymers synthesized can be found in Table 1 .
The copolymer prepared with monomer 9, which could previously not be synthesized as homopolymer, exhibited similar reactivity in solution compared to the copolymers prepared with monomers 10 and 11. Random, copolymers containing two of three comonomers were obtained. We were able to obtain RDP-2 with molecular weights of 49k and a narrow Đ of 1.17 by random copolymerization of monomers 10 and 12. RDP-2 is very soluble, but behaves poorly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 when dropcast or spincoated, resulting in brittle and non-transparent films. The polymer was therefore deposited on cotton (Figure 3) , and in this construct the polymer can easily be regenerated with near instantaneous color loss upon exposure to ammonium hydroxide vapor. In pursuit of the goal of designing highly breathable membranes, we envisioned triple copolymers that also incorporate hydrogel units (comonomer 13) to promote swelling and collapsing. We therefore prepared random triple copolymers (RTP, Table 1) using the previously established ROMP conditions (see supporting information). RTP-2 can be used to create thin films that show the same response toward DCP as polymers HP-1 and RDP-2. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In its swollen, unreacted state Gel-1 has a diameter of more than 1 cm and is relatively soft.
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Upon exposure to TFA vapor Gel-1 shows the characteristic color change to dark green. When collapsed, Gel-1 has a diameter is 0.5 cm. It should be noted that the volumetric response was only achieved using TFA vapor. In the presence of DCP, the swollen hydrogel only showed its characteristic color change. We attribute this to the lower vapor pressure of DCP compared to TFA. This incomplete ionization prevents the substantial gel collapse that is observed upon exposure to TFA. Future work is aimed at improving the response toward CWA mimics and demonstrating the collapse in polymer thin films.
Conclusions
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